We report a simple and cost-effective fabrication method for a wire grid polarizer. The wire grid polarizer was fabricated by incorporating UV nanoimprinting and glancing angle deposition processes. A silicon pattern with a 40 nm line width, 100 nm pitch, and 100 nm height was fabricated by electron beam (E-beam) lithography and reactive ion etching processes. The UV nanoimprinting process was performed on a glass substrate and aluminum nanowires, with a height of 70 nm, were subsequently generated with a glancing angle deposition process. P-polarization transmittance above 55% and an extinction ratio of 31.1 6.1 were measured in the visible wavelength range.
Introduction
Wire grid polarizers (WGPs) have been attracting interest for liquid crystal display (LCD) applications due to their high contrast of polarization and transmittance. [1] [2] [3] Conventional LCD panels contain absorptive polarizers made from polyvinyl alcohol (PVA) with iodine doping. 4, 5) Since absorptive polarizers absorb more than 50% of incident light, they are considered to be one of the most important components that must be improved to make LCD panels with higher optical ef ciency. In previous works, it has been proven that WGPs offer a way to create much higher optical transmittance via polarization recycling. [1] [2] [3] WGPs transmit waves that have an electric eld perpendicular to the metal wire and re ect waves with an electric eld that is orthogonal with the transmitted rays. The re ected waves travel backwards along the incident radiation. These can be recycled by changing the polarization direction in the backlight unit. Furthermore, WGPs can be applied for a variety of applications including illumination, laser optics, high-lumen projectors, and imaging devices. [6] [7] [8] [9] [10] For industrialization of WGPs, considerable efforts have been made to develop fabrication methods that are low in cost.
WGPs consist of simple one-dimensional sub-wavelength periodic metal wires that are formed on a dielectric substrate. Typical fabrication procedures for these structures use selective removal of a metal thin lm with complex etching processes. M. Ma et al. 11) and K. Asano et al. 12) fabricated WGPs by reactive ion etching process with a SiO 2 etch barrier pattern. They deposited a metallic layer and SiO 2 layer on a substrate, and a photoresist barrier pattern was formed by E-beam or KrF double exposure lithography processes. The SiO 2 layer was dry etched with photoresist barrier and the metallic nanowires were obtained by 2 nd dry etching process with SiO2 barrier. After the dry etching process, an additional etching process for removal of remained SiO2 and photoresist barriers is also required. This procedure becomes more complicated and requires higher costs when the feature size becomes smaller due to the complications in the initial barrier pattering process. To overcome the issues in patterning process, attempts have been made to fabricate WGPs using nanoimprinting processes. S. W. Ahn et al. and J. J. Wang et al. fabricated WGPs by reactive ion etching processes with nanoimprinted polymer barrier. 13, 14) However, this method is still complex and expensive to fabricate WGPs because the residual layer and metal removal processes (etching) are still required. A bi-layer wire grid polarizer (B-WGP), which can be realized by the only patterning and deposition processes, has been proposed as the simplest approach for WGP by Y. Ekinci. Y. H. Lee et al. and J. Ju et al. [15] [16] [17] B-WGPs can be produced in a relatively straightforward and cost-effective manner via the deposition of a metal layer on a nano-grating-structured substrate. Although B-WGPs show very high extinction ratios and offer the advantage of easier fabrication, they can suffer from limited transmittance due to the sidewall deposited layer. During the metal deposition process, it is dif cult to avoid side-wall deposition, which drastically deteriorates the transmittance.
In this paper, we present a cost-effective metal removal-free fabrication method of WGP without side wall deposition. We demonstrate the fabrication of a WGP by using UV nanoimprinting and glancing angle deposition (GLAD) processes. During the GLAD process on nanoimprinted nanograting substrate, an aluminum (Al) layer can be selectively deposited on the nano-grating-top region without side-wall deposition, and form a WGP. Since the Al nanowires fabricated by GLAD process can be oxidized and the oxidized Al structures can deteriorate the performance of WGP, the effects of Al oxidization during the GLAD process on the performance of WGP were also investigated. Finally, the transmittances of p-polarized and s-polarized light were measured and compared with simulated results.
Experimental Procedure
We demonstrated an alternative fabrication method for a single-layer WGP that involves only nano-grating structuring and the GLAD process. Figure 1 shows the schematic diagram of the proposed fabrication process, which consists of UV nanoimprinting and the GLAD process of aluminum.
The GLAD process, which employs oblique angle deposition and substrate rotation, has been studied as a method to fabricate micro-and nanoscale columnar structures. [18] [19] [20] [21] When the evaporated ux arrives at the substrate at a glancing angle, micro-and nanoscale structures of isolated columns are produced due to the limited atomic diffusion. During the deposition process, the shape of the columns can be controlled by manipulation of the substrate position. When the GLAD process is conducted on a nano-grating-structured substrate with substrate rotation, a vertical nanorod is grown only at the top of the grating structure, this is due to the shadowing effects of the grating structure, as shown in Fig. 1 .
A silicon master pattern with a pitch of 100 nm, duty cycle of 0.4, and height of 100 nm was fabricated on a 4 inch wafer via E-beam lithography and a reactive ion etching process. A self-assembled monolayer (SAM) was applied on the fabricated silicon master to prevent adhesion of the cured polymer to the silicon master during the UV nanoimprinting process. The silicon master was treated with a 2% solution of Dimethyldichlorosilane dissolved in Octamethylcyclooctasilane by dipping. Subsequently, the UV nanoimprinting process was performed to fabricate the nano-patterned substrate. A silicon acrylate-based UV photopolymer was spin-coated onto the silicon master. The glass substrate was then covered. UV light was illuminated through the glass substrate under an applied pressure of 10 kPa. Finally, the replica was demolded from the silicon master.
An Al layer was selectively deposited onto the fabricated nano-patterned substrate to generate a nano-wire grid using the GLAD process. An electron beam evaporator (Modi ed SEE-7, Ultech Co., Ltd., Korea) with an angle-adjustable rotational sample holder was used for the process. The Al target, which had a purity of 99.999%, was purchased from RND Korea. The nano-patterned substrate was mounted on the sample holder with a glancing angle of 5 against the incoming ux. 70 nm of Al was deposited at 5 Å/s with base pressure of 2 × 10 −6 Torr, and the substrate was rotated during the deposition at a speed of 1 rpm.
Results and Discussions
Although the performance of the WGP is affected by the grating pitch, duty and Al layer thickness and so on 17, 22) , we analyzed the effects of Al layer thickness on the performance of the WGP, because the main objective of this research is to demonstrate a simple WGP fabrication method using a GLAD and the pitch and duty of the our master pattern is already xed as 100 nm and 0.4, respectively. To determine the ideal thickness of the Al layer, simulations of the transmittance of p-polarized light and the extinction ratio with four different Al layer thicknesses were performed using DiffractMOD (R-Soft), which is a piece of commercial software based on rigorous coupled wave analysis (RCWA). 23) In the simulation, a polynomial function, n Al (λ), was used for the real and imaginary refractive index of Al, which were obtained by the polynomial curve tting with the refractive index values of Al in wavelength range of 500 750 nm in the optical constant data book.
24) The refractive index of polymer grating was set 1.464 + 0.000 i.
As shown in Fig. 2 , as the thickness of the Al layer increases, the transmittance of p-polarization decreases and the extinction ratio increases. With an Al layer of the same height, the transmittance of p-polarization was lower at shorter wavelengths, and the extinction ratio was higher at longer wavelengths. In this study, the height of the Al layer was selected to be 70 nm because this height offers a p-polarization transmittance above 0.5 and an extinction ratio over 100 in the visible wavelength. The simulated optical transmittance of the designed WGP was then compared with that of a B-WGP that was made with identical dimensional speci cations. As shown in Fig. 3 , the theoretical transmittance of the B-WGP is higher than that of the designed WGP. However, it has been reported that there are differences in the transmission of p-polarized light between theoretical and experimental values. 17, 22) It is reasonable to argue that this deviation occurs due to fabrication errors. The area of the optically transparent part, which is the side-wall of the nano-grating in the B-WGPs, is the main parameter that affects transmittance. Therefore, side-wall metal deposition can deteriorate the transmittance, it is very difcult to fabricate that there is zero side-wall deposition in practical metal deposition processes. As shown in Fig. 3 , a sidewall deposition with a geometrically negligible thickness causes a drastic decrease in the transmittance.
The silicon master pattern for the designed nano-grating was fabricated and subsequently replicated by UV nanoimprinting. Figure 4 (a) and (b) show scanning electron microscopy (SEM) images of the fabricated silicon master and the replica, respectively. Figure 4 (c) shows atomic force microscope (AFM) measurement results of the silicon master and replica. Nano-gratings (100 nm pitch and 100 nm height) were successfully transferred onto the glass substrate.
Finally, GLAD was performed to generate Al nano-wires on the fabricated nano-patterned substrate. Figure 5(a) shows the Cross-Sectional SEM image of the fabricated WGP. Al nanowires were successfully generated on top of the polymeric nano-grating. These result clearly shows that side-wall deposition did not occur during GLAD. Since the boundary between Al nanowire and polymer grating was not clear, we were not able to quantitatively measure the height of the Al layer. However, from graphical analysis of the SEM image, each nanowire is clearly disconnected and the thickness of the Al layer can be estimated to be around 70 nm.
The performance of WGP is determined by not only the structural parameters but also material properties. The fabricated Al nanowire can easily be oxidized during the deposition process and storing in atmosphere environment, and the Al oxide can deteriorate the performance of WGP. Although the Al oxide generated in the deposition process are not always stoichiometric compounds, we assumed that the deposited metallic nanowire was composed of Al and Al 2 O 3 , because we thought the oxidization occurred after the deposition process. In this study, an Al source with high purity was evaporated at the pressure of 2 × 10 −6 Torr which is low enough to prevent the oxidization during the deposition. A thin layer of aluminum oxide (Al 2 O 3 ) might be generated on the surface of Al structure because the fabricated WGP was stored in air. The material properties of the fabricated Al nanowire on nanograting were investigated using an energy-dispersive X-ray spectroscopy (EDS) analysis (FE-SEM-6330F (JEOL Ltd., Tokyo, Japan). Figure 5(b) shows the measured EDS spectrum with an acceleration voltage of 5.0 kV and magni cation of 50 K. The measured atomic ratio of Al was 60.03%, O was 23.67%, and C was 16.3%. Although the signal of oxygen atom could be coming from polymer substrate, we assumed that all signal of oxygen atom was coming from Al 2 O 3 , which is the worst case for the performance of WGP. According to the molecular formula, we concluded that the deposited metallic structure was composed of 85% of Al and 15% of Al 2 O 3 .
To examine the effects of oxidized Al on the performance of WGP, we conducted an RCWA simulation for WGP with Fig. 3 The effects of side-wall deposition of an Al layer on the simulated p-polarized transmittance for B-WGPs. (P = 100 nm, D = 60%, and H = 100 nm). Since the width and height of single metallic wire were 60 nm and 70 nm, respectively, and those values were much smaller than the wavelength of light used in this study, an effective refractive index model was applied to the metallic layer in the simulation. The effective refractive index (n eff (λ)) was calculated by eq. (1) .
where f is the fractional ratio of Al in the metallic wire, n Al (λ) and n Al2O3 (λ) are refractive index values of Al and Al 2 O 3 as a function of wavelength (λ), respectively. The Sellmeier equation for Al 2 O 3 was used for n Al2O3 (λ). 25) Figure 6 shows the comparisons of simulated transmittances of (a) P-polarized light and (b) S-polarized light for the WGPs with various fractional ratios of Al. Since the imaginary refractive index of Al 2 O 3 is negligible for visible light (Al 2 O 3 is transparent for visible light), the transmittance of S-polarized light was increased by increasing the ratio of Al 2 O 3 . However, the transmittance of S-polarized light for the WGP with f = 60% was almost 0. The transmittance of P-polarized light decreased as increasing the ratio of Al 2 O 3 up to 60% (f = 40%). It clearly shows the oxidization of Al during the deposition can deteriorate the performance of WGP (decrease of P-polarized transmittance and increase of S-polarized transmittance). However, the ratio of Al 2 O 3 less than 20% does not make a critical deterioration of the performance. Therefore, the oxidation during the GLAD deposition process in this study ( 15% of Al 2 O 3 ) can be acceptable for WGP application.
To evaluate the performance of the fabricated wire grid polarizer, the optical properties of the WGP were measured. The p-polarized and s-polarized light transmittances were measured. An optical system was assembled to measure the transmittances, which was comprised of a tungsten halide lamp, optical ber, aperture, collimating lens, polarizer, sample holder, and spectrometer. As shown in Fig. 7 (a) and (b) , the transmittance of the p-polarized light is higher than 55% in the 500 750 nm wavelength range. This result is in good agreement with the simulation results for the WGP with f = 85%. For the s-polarized light, the measured transmittance is higher than the simulation results. It is possible that the internal structure of the Al layer contains nano-grain boundaries and that a small portion of the s-polarized light is scattered. The extinction ratio was calculated to be 31.1 6.1. The calculated extinction ratio was relatively lower than the commercially available absorptive polarizer, because of the high transmittance of s-polarized light which might be caused by scattering. The scattering effect of the rough side-wall of GLAD Al structure can be eliminated by an annealing process of the fabricated WGP. However, a high temperature stable nanograting substrate is rst required for the annealing process because the recrystallization temperature of Aluminum is 380 C.
Conclusion
Although a B-WGP structure has been proposed as a simple two-step fabrication method for re ective polarizers, we examined the deterioration in the optical performance of the B-WGP due to side-wall deposition, which is impossible to avoid in vapor deposition processes. In this study, we pro- posed a simple two-step fabrication method that incorporates UV nanoimprinting and the GLAD process to make a re ective polarizer. A silicon master with a pitch of 100 nm and a grating height of 100 nm was fabricated by E-beam lithography and reactive ion etching processes. A polymeric nano-grating was fabricated by replicating the silicon master using UV nanoimprinting. An Al layer was selectively deposited with a thickness of 70 nm on top of the nano-grating by the GLAD process. Although 15% of oxidized Al was generated during the GLAD process, the effects of oxidized layer on the simulated performance of WGP was negligible. The transmittance of the p-polarized light and extinction ratio of the WGP were measured and compared with the simulated results. The measured transmittance was above 55% for the wavelength range of 500 750 nm and was in good agreement with the expected values obtained by the simulations. Although the measured extinction ratio is relatively low, an annealing process can improve the extinction ratio of the proposed WGP structure. A fabrication of high temperature stable glass nanograting and a development of the proposed WGP using the glass nanograting and GLAD Al layer after the annealing process is the subject of our on-going research.
